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Introduction

This work was initiated soon after the discovery of high temperature
superconductors. Although much effort was being put into the search for
higher temperature materials, it rapidly became clear that the main
obstacle to the application of these materials was the low critical current
density. Although in conventional materials the critical current density
was determined by the pinning of flux lines by defects in the
microstructure in high Tc materials the appearance of weak links, or
Josephson Junctions, at grain boundaries was the dominant effect. This
was a completely new phenomenon and led not only to rather low critical
current densities in zero field but to a catastrophic drop in fields of only a
few millitesla, although the upper critical field of these materials is
extremely high ( probably greater than 150 Tesla). Since artificial weak
links are the basis of most electronic applications of superconductors their
appearance at natural grain boundaries suggested that it would be
extremely difficult to use conventional techniques to make devices and
this has proved to be the case. Understanding and control of the weak
links at grain boundaries was clearly the key to applications of the high Tc
materials and this still remains true. This contract was initiated at an
early stage in this subject, which developed at an unprecedented rate and
a number of different lines have been tackled in the course of the last two
years. In addition to rapid changes world wide a major research centre
on high Tc superconductors was awarded to Cambridge which involved
moving the work and people to a new site and the creation of a large new
laboratory containing physicists, materials scientists, chemists and
engineers. Although in the long term this makes for a much more
powerful group it inevitably led to considerable disruption in the middle
stages of this project. The work can be divided into four main sections.
These are magnetic separation, levitation, screening, and critical current
studies. Each has led to several publications or internal reports which are
enclosed as part of this report. The sections which follow summarise the
main conclusions of these papers, the main text of these reports and paper
is in the appendices. Accession For
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Separation U
Ceramic superconductors tend to be mixtures of phases, especially when I

first discovered. It would be very useful to separate out the
superconducting from the non superconducting phases so that they could
be studied on their own. The diamagnetic properties of the
superconducting state will in principle allow superconducting material to
be levitated from the non superconductor and several designs of separator *
were tested. There are a number of difficulties which emerged.

1) It was essential to allow time for the particles to come to the right
temperature. This meant that dropping particles, even in a liquid, was
unsatisfactory unless they were held for a time at a low temperature.
2) Electrostatic forces on fine powders are very strong so that it was
difficult to avoid clumping and sticking to substrates.
3)To get large forces we need a large field gradient, but fields less than
Hc 1. This is very low in high Tc materials and if exceeded leads to
paramagnetic moments as the field decreases so that the graph of force
against distance from the magnet is very complex.
4)Turbulence causes normal particles to scatter instead of falling
vertically. I
5)Materials with the highest Tc appear to be layer structures with a very
largt penetration depth in one direction. Particles turn so that the
magnetisation is a minimum and so small particles of these materials do I
not levitate.

The first experiments used a dry system with the powder vibrated on a I
solid sheet (Appendix I). This has a major advantage in bringing the
particles to temperature slowly and does not require actual levitation.
However clumping and sticking of particles led to unsatisfactory operation. I

The most successful apparatus is described in Appendix II. There are
two versions, one for small quantities and one for larger scale separation. n
Material was brought to temperature in liquid nitrogen and dropped
through a sieve onto a conical magnet with a hole in its centre. This
worked well in separating YBCO from non superconducting material. The
main error was some scattered normal material being deflected outside the
central hole. Further development would require the technique to be
extended to a wide range of temperature. Gas would be used instead of
liquid and the both dropper and collector would have to be put in a
container with accurate and uniform temperature control. This is quite
feasible but was not attempted within the time scale of this project. Before
embarking on it it would be necessary to measure the levitating
properties of a number of materials since it appears that YBCO is unusually
easy to levitate because of its relatively small penetration depth.

I
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ILevitation and Damping

The study of forces on particles gave a better understanding of the
levitation process and A.C. measurements described below are a measure
of the frictional forces. It seemed a useful idea to put these together and
see if the damping of a levitated magnet could be explained quantitatively.
In general moving and rotating magnets cause large field fluctuations and
the resulting hysteresis losses bring it to rest fairly quickly. However if a
magnet rotates about its axis of symmetry the field should be constant and
there should be no damping. Gyroscopes using superconducting niobium
have extremely low damping and it would be very useful to make a

I similar machine of high Tc material. The results are in Appendix III. The
geometry used was a disc floating above a sintered sheet of YBCO. The
magnet was set rotating about its centre and the time to come to rest
measured. Although damping was much less than in other modes, typical
times of the order of twenty or thirty seconds meant that the performance
was well below that found in niobium. To determine the reasons a
magnetic map of the magnet was made with a search coil. It was found
that there were field fluctuations of the order of a few millitesla due to
magnet inhomogeneity and considerably larger ones due to a small chip in

I magnet edge. At the height at which the magnet was levitating the
field at the superconductor was well above Hcl so that losses will be
relatively high and the observed values were consistent with the damping
of the magnet. There are two ways of improving the performance of this
bearing. One is to improve the magnet homogeneity, the other to increase
the critical current density of the superconductor. Improving Jc will also
give a much stiffer bearing, or a greater height of levitation, so we can
expect greatly decreased damping as materials improve.

I Screening and Flux Trapping.

It was clear from an early stage that there were two separate critical
current densities in high Tc materials, the intergrain currents between
grains and the intra grain currents within them. These differ by three
orders of magnitude and it is important to be able to measure both. The
first technique developed was to measure the fields inside and outside a
hollow cylinder. The experimental results showed that a significant field
was being generated by the diamagnetism of the grains and that this,
combined with self field effects, made most of the current flow on the
outer surface when field was trapped in the cylinder.(Appenlix IV) TheImethod was superseded by an A.C. technique described below which did
not require hollow cylinders, but it led to an interest in the screening
properties of high Tc ceramics. A theoretical calculation showed that

I screening due to diamagnetic particles without supercurrents between
them was only effective close to the screen. (Appendix V) This explains
why a ceramic can levitate a magnet which is close to it but is not good at
screening fields at large distances compared with its thickness. To provide
good screening for any but the lowest fields a high critical current density

I is required.
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Critical Current Studies

The central problem was ( and remains) the weak links at grain I
boundaries. The original intention was to use hot isostatic pressing and
standard sintering techniques to consolidate the ceramic. There were
clearly going to be problems with oxygen loss and subsequent oxidation
but it rapidly became clear that the problem was more fundamental than
merely cleaning up the grain boundaries. It was therefore necessary to do
some more fundamental work on the nature of the boundaries and why
they were causiag problems. This decision was clearly the right one since
no improvements in sintering techniques have yielded a useful material.
The most successful have all involved melting and only small samples have
been produced.

Firstly a calculation was made using numerical solutions of the Ginzburg-
Landau equations. Although not very accurate we were able to test -
various hypotheses for the low current densities. None worked very well
and in general the results suggest a good deal of damage over many
coherence lengths is needed to explain the experimental values, since
many boundaries look very clean oxygen loss or crystal relaxation may be
the explanation. (Appendix VI)

An A.C. apparatus was developed to measure critical current densities
and the penetration of flux into the sample. This was based on our
earlier work with conventional superconductors, but the granular nature
of high Tc materials meant that the interpretation was not straightforward.
The critical current measured is affected by demagnetising factors and the
self field of the current. The first is dealt with by plotting results as a I
function of the internal field. (This is described in Appendix VII) The
second shows up as nonlinearity on the flux penetration graph and in
many samples the true zero field current would only be measured if the U
thickness is less than a third of a millimeter. Another new effect is that
many samples were much less than fully diamagnetic. Most authors
have interpreted this to mean that the sample was not single phase but
we believe that in most cases the true interpretation is that the Ioadon
penetration depth is comparable with the particle size. In gereral doping n
seems to lead to large increases in the penetration depth. Sir.:e the
calibration of the system depends on knowing how much mzterial is
superconducting this effect is important in the interpretation of all
magnetic measurements.

The first measurements concentrated on the effect ,t twins on the
critical current within grains. These had been prorcsed as pinning centers
which would increase Jc, or alternatively as weak links which would
decrease it. By doping with cobalt to eliminate twins we were able to
show that the effect of twins on Jc is generall- very small (later work by *
others has shown a significant pinning effect if the orientation of the field
is accurately parallel to the twin planes. We then looked at the effect of
cobalt doping on the inter and intragraii critical current densities. The I
first striking result was that both critical currents decreased in the same
proportion. This seems surprising since one is supposed to be limited by
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3 flux pinning within grains and the other by Josephson tunnelling across
grain boundaries. These two very different mechanisms and locations
would be expected to be affected quite differently by the cobalt. The
result suggested that both might be expressed as a proportion of the
depairing current, Hc/%. Measurements of H,, and HC were made and
there was certainly a correlation between the depairing current and the
critical currents. However there are considerable uncertainties in these
measurements so that a quantitative fit could not be relied on. Using the
Abrikosov theory we calculated Hc2 at zero field from Hcl and H c, since it
is much too high to measure directly. This showed that the cobalt was
decreasing Hc2 and therefore increasing the coherence length. Since the
critical current was also decreased it is difficult to justify the conventional
view that the weak links at grain boundaries are caused by the short
coherence length. If this were the case increasing the coherence length
should increase the critical current density which is the opposite of what
was observed. A preliminary report of these results was given at the MRS
meeting in San Francisco this year and they are now being written up for

* publication.

Conclusions and future work

1 A reasonably complete understanding of the macroscopic
consequences of the granular nature of high Tc materials has been
obtained. Levitation, damping, and screening are all consistent
with the picture of large intragrain currents and small intergrain
currents. Magnetic separation works well for YBCO in liquid
nitrogen. The technique can certainly be extended to other
materials but foe practical purposes problems may occur due to
the large penetration depth and small size of new materials when
first prepared. The causes of, and solutions to, the problem of
weak links at grain boundaries remain obscure. The work has
shown that there is a close link between the intergrain and
intragrain currents and that the short coherence length of oxide
superconductors is not the main problem. The closest correlation
seems to be with the depairing current so that we should look for
materials or dopants which decrease the London penetration
depth or increase the the thermodynamic critical field. Future

* work should concentrate on this area and in particular follow up
the clues offered by recent excellent results on Bi based
superconductors at low temperatures. , /
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Appendix I 3
Dry Separation

Internal Report by A.Perry I
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* 2. Magnetic Separation

I Superconductor material is currently used in two forms; it can be made as a thin film on a substrate
surface (by ion sputtering, evaporation, etc) or pressed as a powder into molds and sintered into a required
shape. Th,- former method is sufficient for applications that only require a thin layer of current transport
but many applications require solid items that cannot simply be evaporated as a thin layer onto a shaped
surface. In these applications it is necessary to sinter the powder, then to oxygenate the item at elevated
temperature to return the oxygen lost during sintering to the crystal structure.

The powder material to be pressed into shape is currently formed from precursors that are usually tile
oxides or nitrates of the elements involved. These are thoroughly mLxed and baked to assist diffusion. Tile

resulting material is ground to a fine powder to mix the resultants as finely as possible and baked again. After
a number of such steps the composition is sufficiently uniform for superconductivity to occur. There are a
number of ways that the initial mixing stages can be facilitated by using intermediate compound precursor:-.
finer initial powders, mixing in suspension etc. but the basic method remains unchanged.

The resulting powder. ready for pressing to shape, consists of a proportion of material with the correct
composition together with quantities of various 'close' compounds that do not have the required properties.
When this powder is pressed, the sintered material will consist of regions of useful superconductor connected
by bridges between the powder grains. The resulting network of regions is affected by the fraction of oth,.r
compounds that do not contribute to conduction and reduce tie overall cross-section of conductor.

For any given proportion of useful superconductor, centred on the composition value required. the
diffusion process that led to its generation will not average the composition between grains, leading to small
variations in composition. These can still superconduct, but their properties will he noticably worse than
the intended result.

As newer materials are found, many of the better performance materials can form in several dilferent
phases of which only one is the improved performance and the others, while useful in their own right. ar,&
merely impurities in the required material.

With these considerations in mind, it is clear that some form of grading system is needed to separate a
,uanrity of powder into the various superconducting phases present and to remove the useless material for

recycling. If the initial average mixture had the correct composition. then the removal of superconductingIand hence correct composition) material will not affect the mix of the rejected material and this can then
be recycled into the next batch to be baked.

Observed pow(er properties

It is easy to plan simple methods of grading such a material: most prospective schemes fail after some
Ixperiientation with the powder.I\Vhile on the scale of superconduction the grains of powder can be considered quite large, as a quantity
4 p,,w(er twhe grains are not distinquishable like most fine powders they can bind together into clumps that
lo not e parate and tend to 'stick' to any surface. It will hence not slide or pour down inclines, but
pr.fI'r to lectrostatically attach itself to the surface and remain where it was placed. Any piece of powder
that is willing to rnove is likely to be a clump which, while large enough to avoid staying in place. can not

0 I, 1 ralelt aLs the clump will contain a variety of phases.

The force experienced by any superconducting particle in a fielu is large compared to its weight, but
,.a;sily ovrshadowed by air movement or a neighbouring surface. Unless a carrying surface is smooth, tile
powler is unlikely to move freely. .ny liquid nitrogen can push clumps around, especially if floating above
a vapour av,.r, but it does not appear t.o interact sufficiently with any 'stuck' material that would move it.

I
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Separating forces U
For particles of this size range it is easy to show that the forces available by Meissner effects are far too small
to be useful and it is necessary to work in higher fields, using the forces due to pinned flux. While we could
easily derive the likely forces by using theory and considering a simple sphere of superconductor with some
value of critical current and integrating, there is little point in doing so as a measured magnetisation curve
for the powder can tell us the parameters we require.

As the ambient magnetic field increases, the reversible magnetisation curve drops to zero and flattens:
the energy of the magnetic state of the superco:,ductor, H. Mr is virtually unchanged by small changes in
the local field intensity. It is hence necessary to use large field intensity gradients to apply reversible forces. 3

dH dMr
Fr = Mr--7 + H •

dx dx

dH

Flux pinning forces, on the other hand, manifest themselves as the irreversability of a magnetisati1011
curve. The force required to irreversibly move some material can be found by considering it to be moved
back again. As the field changes, the irreversible magnetisation varies as the flux is resisted by the pinning
forces and M varies from Aldec = M - 6M to Mjc = Mr + . The energy dissipated by traversing a loop
in the magnetisation diagram is its area: the force resisting motion is thus half the rate of this dissipation of
energy with field and distance. For large fluctuations where MOH >> Mr we have

E,= 6A(H - 6,11t/o)
dE, 6M

-dH dE _ dH
dx dH dx

This is not valid during small field variations, as the loop traversed is no longer an angled parallelogram andI
collapses into an ellipse. Then

4A
2 

6H
3

276,
dE, 4p2 6H1

dH 96.1"

46B 2

F,=96MA

\Vith these relations in mind, a graph of the expected force can be derived for a given local field intensity
with which motion is resisted. A particle that is sufficiently cold to superconduct will thus see a valley that
follows the magnetic equipotential lines; only when the perpendicular force is suffiently large will the valley
be ignored.

Traiisport surfaces

If tlw powder is levitated. therp will he no action that will ,ncourage the dusters to hreak tip Indeed it is
fa',,rable for nnilv niagnetised powders to cluster, as this reduces their total surrounding space and hence n
th, volume which their field oddity affects. It is disadvantageous to allow such clumps to lift off, as there
is Ihon no way to brerk them tip. Some torm of repeated levitation could be used ,as the clunips would be
,listurbel whenever they 'land'

Ingeneral, then, tile powder will have to move on some sort of surface Brass. aluninium aid glass were
triL thiese all appeared to ge-t equally dirty but allowed the powder generally to move. Such dirt can not
be, allowe',d to accuulllate oin aliy apparatus that intends to slide the material. as it will be randomly afect'ed
Iy tili st tuck powder that preceded it. Pl;stics, on the whole, appeared to si,jifr eqiially, but when polishedI
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clean appeared to resist such effects more readily. It was found after some experimentation that IP'FE wa~s

able to carry the material and usually allow it to slide freely for no reason that has been ascert aiie(i at this

time. On some occasions the powder would tend to dirty the surface, but not as much as had occiur~l with

the metals. .Avigoi-OUS polish was used to generate surface charge (liquid nitrogen being anl insul;itor) , en a

anouther o.:casioni an electrostatically charged ramp was used to deliver powder onto the surface h~ut niir

ufthese appeared to make much difference to the behaviour of the material.

1 Linear mnethods

Hlow should the force due to the miagnietic interaction be applied ' A magnet nay be passedl midriwa:ii :iI ~ ~s rface covered withI powder to push material ahead of it subject to the 'sticking' of the( cl umnp,,I- to lesib
l'rnipferatiire and/or Field gradients can grade the powder by finding the limit before siiprr-umJ iit :,l

is s >hcwn in diagramn 2.1.

DigaI:Lna eaaino iepwe

I ihatdnqewstid i eut eesmlrt hs (i- l -1;1*!

wI'it tL DS"l i a graetcm is: Linear searting fo a fiinrt p i or l
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Area methods I
It is possible to extend a linear separation method by widening the track and the moving magnet so that
the separation region is wider, being the width of the track. Unfortunately, any imperfection in the track
or the magnetic field will progressively tend to collect the powder into heaps which are swept along I the 
track is not level, the powder tends to drift acrosb the track in the downhill directicn It is these difficulties
that make area methods impractical.

Vibration methods

Powder placed on a shallow incline may be moved 'downhill' by forcing the surface into a vertical mode of'
vibration. Such a slow vibrated transport can move powder past a grading station, normally a fork i the
track, with one exit shielded by a magnet and the other by a small uphill slope. The powder moves past
the station in a continuous stream, so that while the instantaneous active volume is unchanged. the total
sample size can be much biggei.

An apparatus was constructed for this technique which operated successfully and was able to separat,,
powders into two parts: one superconducting at the ambient temperature and the other not. During any run.
however, the transport surface would cover itself with large amounts of powder and the smooth transport
'voi~ld fail making continuous operation impossible. The implementation is termed an overall failure. tlartiv
[,ecause the stuck powder cannot be reclaimed after removal and partly because the frequent cleaning required
COIitiiIOUS operator attendance.

Dropping Methods 3
The methods described so far involve sliding the powder along a track. An alternative application of the
magnetic force would be to levitate falling powder. Powder tl'.au is dropped onto a magnetic field will be
repelled, allowing the unaffected powder to be discarded. A number of variants are possible. those that have
been tested are described below.

If t he powder is poured onto a simple magnet. the superconducting powder will fail next to the magnet *
dtue to the convex shape of the magnetic field. A magnet must be used with a hole in the middle in order-
tha, the magnetic field is slightly concave and the powder remains in a known position.

If" the powder drop path passes through the area where levitating powder is collecting then later powder
par' cles can knock levitated powder through. It is necessary to ensure that the levitated powder is to one
side of the falling powder.

This method has riot solved the problem with the powder remaining in clumps. It might be hoped
that. if dropped from a sufficient height, that the forces involved in the deceleration might disrupt the U
,lumps. The kinetic energy necessary for this to occur is well above the power of the levitation so that good
-lprcoidic tcing material will not stop.

'I'l magnet can be p>laced to one side of the drop path in order to deflect the falling powder away from U
S.-.,-i [he pinning forces, being the main effector in this situation, are not concerned with tile direction of
thi inigr ic field Iradient: the magnetic levitation fore , will primarily try to keep the powder at a constant
n gntic hield. Thils. as tile powder passes the magnet, it will at some point be tantent to it 1hereaft(,r.
tii,. lid %il be ,:r,-easii and the powder will experience a net attractive force toward,, the Ia;et lit
'illlt;it io of initial repulsion and Siihseuenr attraction imake this method very difficult to irirpleitl! .ih I

:111,. 1 ,110 ;it simplifying 'lie situation failed. Results have been rep(,rted [31 suggestitg that this method .s i

If the powder never needs to leave the vicinity r the magnet, the unpredictable attraction descried
.dhove will never occur. This can be set tip if the magnet is a concave track that leads powder from its

in gi iiallv vertical path away from the vertical drop and .nto a container Two magnetic arcs. as in diarani
2 2. i:n provide such L fie-ld. It, was unfortunate that this methid ,oiild niot h, ' 'st d as th, ii,'.'ts

> ;ir, woudh rot ha ,' been ready in the tine , ale availktl, It s hi ,pe t that it 'an in fltt. Ir e he 'hrl,,i.
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Appendix III

Wet Separation
Internal Report by Dr.F.J.Blunt I
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Magnetic separation of superLoonductors

F.J. Blunt, A.M. Campbell

IRC in Superconductivity, West Cambridge Site, Madingley Road,
Cambridge CB3 OHE

Abstract

In this paper two designs of magnetic separator are described.
One is suitable for separating a small quantity of superconducting
material from a large quantity of normal material. The other is
particularly useful for the rapid separation of large quantities of
superconducting material. Each uses a permanent magnet, runs

immersed in liquid nitrogen and is very simple to build.

Keywords: High Tc, Magnetic separation

IIntroduction
Magnetic separation has been used industrially for the removal

or separation of ferromagnetic materials for many years. Both the
attraction of a magnet for a ferromagnetic material, and the

repulsion between magnetised objects has been exploited. The
separation of superconducting materials from non-
s-perconducting materials can also be achieved magnetically,
using the diamagnetic properties of superconductors. Levitation
is widely demonstrated in these materials, and it is this property,
combined with careful magnet design which is used to achieve
separation. Magnetic separation has already been demonstrated
using this principle (1), but the design only allowed a 'one off
separation of a very small quantity of material.
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Magnetisation of Superconductors

Levitation of a particle lowered towards a magnet surface can
be understood by analysing the magnetisation of the particles as
they approach the magnet. The typical form of a magnetisation
curve at 77K for a large grained sample of YBCO is shown in figure
1. When lowered towards a magnet the force experienced by the I
particles is given by the product of the magnetisation M and the
field gradient. The magnetic field experienced by a particle
descending along the axis of a cylindrical magnet close to one of
its poles is shown in figure 2(a), and the resulting field gradient is
shown in figure 2(b). Levitation occurs a few millimetres away
from the surface. The overall field pattern is shown in figure 2(c).
It is to be noted that particles falling near the outer e , of this
magnet will be repelled away from the magnet altogether.

Magnetisation of superconducting particles is also a function of
pa-ticle size and the reduced temperature, T/Tc. High Tc
superconductors have rather large penetration depths - of the
order of 0.4 micron in liquid nitrogen for YBCO. The
magnetisation of particles as a function of the ratio of their radius
to the London penetration depth has been calculated by Clem (2).
Measurements carried out in this laboratory (3) support his i
calculations. The magnetisation of a 5 micron diameter particle of
YBCO in liquid nitrogen is only about 30% of that of a large
particle. This suggests that particles less than approximately five
microns in diameter may levitate poorly. It has been observed by
Solin (4) that very small particles of YBCO tend to be non 3
levitating.

Magnet Geometry for separation of small quantities of
superconductor

The magnet geometry of particular interest is a hollow
cylindrical permanent magnet. This can be modeled as two
counterwound coils, the inner coil representing the material
missing from the centre.

Using the Biot-Savart Law the field at a point P on the axis, a
distance z from the centre has a value given by the magnetisation
of the material, and a geometric factor, which is given by

I



I

Field at P c cos 0e -cos 02 + cos 03 - COS 0 4
using the notation given in figure 3.

I This magnet has an interesting field pattern. The field along the
axis is illustrated in figure 4(a). The field calculated from the

* model corresponded very closely to the field measured in the
laboratory. The field gradient is illustrated in figure 4(b), and the
product M dH/dz is illustrated in figure 5. The values of M have

I been taken from the curve of M versus H measured
experimentally for YBCO (figure 1). The points of stable levitation
are marked on the diagram, where the force is equal to the
gravitational force per unit volume on the particles. It is
interesting to note that there is a second position of stable
levitation beneath the magnet, for particles which have been
pushed through the hole. We have succeeded in showing this
phenomenon in the laboratory, and the distances between the
particles and the magnet correspond closely to those calculated.

There are a number of important features to note in figure 5.
First there is a minimum magnetisation required to ensure that
the maximum force, marked point A on the diagram is sufficient
to achieve levitation. Secondly levitation actually appears in this
geometry while the particle is in the diamagnetic slope of its
hysteresis curve. This is due to the fact that the field in this

* magnet passes through a minimum close to the magnet surface.
The point A is reached when the particle reaches the maximum in
its magnetisation curve. Thirdly the force rises very steeply, so
the levitation is stable, and minor disturbances of the particles
will not cause them to fall through. Unfortunately the force on the
particles changes by a factor of about 3 within the space of
approximately one millimetre. This means that separating
particles of differing magnetisation will not be possible in this

* geometry.

I An additional feature peculiar to this magnet geometry is that
there is a centring force on the particles, which keeps them neatly
placed over the hole. The field profile off the axis of this magnet
is shown in figure 4(c).

This magnet geometry is ideal for the separation of a small
quantity of superconductor from a large quantity of normal
material. The design is shown in figure 6. The chief points in
the design are as follows.

U iii



1) The particles are placed in a sieve at the top (approximately I
30 micron aperture). This is vibrated so as to allow a fine rain of
powder into the liquid nitrogen. This minimises particle clumping,
which would result in poor separation of material.

2) The particles fall through a reasonable depth of liquid 3
nitrogen before they reach a significant magnetic field. This is to
ensure that they become magnetised. In practice it was found
that 10mm was sufficient. Without taking this precaution the n
superconducting particles tend to fall straight through the hole.

3) A side arm is provided for removal of the superconducting i
material by suction. Particles removed from the central zone
must be carried over the top surface of the magnet without being
allowed to settle, since there is insufficient upward force on the
particles in this region to keep them levitating. Once near the
outer edge the magnetic field repels the particles away from the
magnet. It was found that periodic suction achieved a very
efficient removal of particles. Since the particles are carried inthe refrigerant they do not come to rest in the tube. They fall into
a container beneath the outer edge of the magnet.

Efficiency of separation.

This process achieves a very efficient separation, but because
sieving must be halted frequently to clear the central area it is not
suitable for large quantities of material. The aspect ratio and hole
diameter of the magnet was studied in some detail. It was shown
that the position of the maximum dH/dz was very insensitive to
the magnet shape. The smaller the hole, the larger the maximum 3
value of dH/dz was achieved. Therefore a reasonable choice of
magnet for a separator would be approximately 30mm diameter,
10mm thick, with a hole 6 to 8mm diameter. i

All material which levitates is superconducting, although
obviously some non superconducting material may adhere to it.
Using a sieve at the top prevents loose material adhering to the
superconducting particles, but if the manufacturing process gives
a multiphase material, it is clearly possible for second phases to
remain adhering to the superconducting particles after grinding.
A small amount of superconducting material will be lost, due to
poor magnetisation. This loss can be minimised by careful control i
of the grinding process. Some particles will be lost if the material
is allowed to collect in any quantity in the levitating zone, as
descending non superconducting particles will knock the material
through the magnet. This can be avoided by frequent clearing of
,his zone. 3

iv i
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I Magnet geometry for the separation of large quantities of
superconducting material.

I Experimentation led to the adoption of an alternative magnet
geometry. The magnet has a conical pole piece and this has the

Sfield distribution shown in figure 7. The centring force is virtually
absent, and particles falling toward this magnet tend to fall
outwards. They do not fall onto the magnet surface, but instead
remain levitated above the magnet surface. Preliminary
experiments with this magnet resting on a white card showed that
all the superconducting material fell outside a well defined ring,
missing the outside edge of the magnet typically by two or three
millimetres. No superconducting material was observed to fall in
the inner region. The original design had a pole piece without a
hole. This left a problem in removing the non superconducting
material, which tended to collect on the pole pieces. When lumps
of this broke away, they were sometimes able to find their way
into the container reserved for superconductor. Experimentation
showed that in this geometry it was also possible to use a magnet
with a central hole, and in this instance the non superconductina
material falls through the central hole. Containers can be placed
strategically to collect the fractions. The finished design is
illustrated in figure 8.

* Efficiency of separation
This method is fast and continuous, which are the important

* prerequisites for an industrial process.

Conclusions

U It is possible to construct a very simple magnetic separation
system to achieve a high degree of separation of superconducting
material from non superconducting material.
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3 Figure captions

1. A typical magnetisation curve for a large grained sample of
YBCO measured at 77K.

2 (a) The magnetic field along the axis of a cylindrical magnet
close to its pole.

(b) the field gradient, dH/dz of the magnet3 (c) the field pattern in the pole region.

I 3. Modelling a hollow cylindrical magnet as two counterwound
solenoids.

I 4.(a) the magnetic field along the axis of the hollow cylindrical
magnet.

(b) the field gradient dHldz of this magnet

(c) the field pattern in the pole region.

a 5. Force on a superconducting particle as it falls towards, and
through, the hollow cylindrical magnet.

6. Design of a separator for removal of a small quantity of
superconductor from a large volume of normal material.

7. The magnetic field profile close to the pole of the hollow conical
magnet.

* 8. Design of a separator to separate large quantities of
superconductor continuously.
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Figure I: a typical magnetisation curve for a large
grained sample of YBCO measured at 77K. I
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1. Levitation

MIagnetic bearings have been developed using superconducting coils toi p r v ie an oppasi ig pair

11a11ne(tic poles that mall raise rotating apparatus withI little energ) Lass A possi Le area of applinat iod

such bearings is in gyroscopes where very low rot ational Losses are required to pruv ide aI isefii I in~strun lt

A simple form of rotating levitation consists of spinning a symnieticRal naewt aht t1s axis above

iitperconductor sheet. A concave sheet is required to form a slighit energy "wl b at %vii st. , tie exit ati

inaround the leviataing slieet and slighitly laiter faMug over thew edge li itagnet geuurafll a sort

Pider, hias a toagneic field that is invariant utider rotation about its axis Snir ti: iiuytir fux between

Ii, imagtnet and the siuperconditor is not qiantised. there wvil be o) MIX IAI in Ow h superroidiaT *rp

andi hence no torque applied to it In suicih a situation a gyroscope wkill ruim !,r *tri,- fritjs iijcI m~iix -re, j Preltimiiarv experimenits showed that appare,'ttly tntia i.tt t' tuivll\ar.,

:-4-;,s when rota~ed and levitated [1].

U Magiiituide of loss

It lie 1lev itaed rotation sustainls loss. thle local ield seen lv supec duc ,a r ;t ti~ ry I'll, r~

is, lie area .'ticblsed by thle cv clng change in tHie itgnetic state it ie ti Trii Ihis .ir-a .-;t Lsil\I :ne:isitred oin a magnemat li curve as tI(- li Ihi~sial 'itilatiotis are it I lle eqliat lotis That re!am,

.L it-;suriri magnetisation um rxe to the critical current toge t her %vithI a !isc ~~ !hteotrt eiiii
ti siigthe nngneisation ing an ACi inagitetoitieer are OWNri -I, * icre [21 proviiin, r,-;nitts

~mtrto Ilose inl liagraill I I hat were kindly p~rovided hv 3 B~lutit

114

Area is dissipalced energy

Diagramuu 1.2: Ilysteiti: loss i a umgiitisati iai1lgrin
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Diagram 1.1: Sample results for Y Bo .(i 3 0 7 _,. giving penetration depth. J 'A .l. ,'i-

U
ien r he effective magnetisation of the material is not following the lruit igIi envelope of the :I%-

t'.ilatv, " irye. it tends to move with a grad ent toh leading to swep, r-gions that are .pproxir:ttek

iraileloirams. If the external field varies between two limits H, and tH then the a rea ,encos d for i sma 1I, ur i [ / [19 - [Ii is " ,[ x ( m bi -. \ t )/ and is conver ientls lne:ir ii H when AI s vir IualI

,ntent ,of if This is demonstrated in diagram 1 2

I"r >iiarl fell variations the changing field is screened hv surface porinsm li, , he -m irrces .\0- 1!' l- l si 1
s t i,.te w:is made by London. who showed that rhe dissated 0.'nervy is .yIrxinat'ly r.rrni,

ii-: I. I) rh !1e 1 tariation

[ i t,', Wo raii'?S i beLI nhinl[) ed th i tillge Slmorli : ir', LS ,iiWri Ii. tlic.jriiii 1 Il
{"E 1 /,P t f "H ~.' Al{ , .l (ii-' ,A!. )/wi0 ( )t lirwis,,

Sh,, 'nergcy ,dissipated ,indor [evilatiori is, rI,iistalit for ill I)iits. ,[ t'ii ",- i13' I'iri' t.HI| .''i: I i
* rtrtm n i 'lci ,rilt,. this ,lissipaio for :ny sil'l ,'ir,'i' wo huilist .'nisL ll'r !,,' ii'''-u, ~i ii i.'l l I

At .r = 1\1, -- ni 1' I I ii 31.JII

,t,. ftr- i . , I I," ,' i i . i3, l I,

iiU
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IDiagramu 1.3: Su~ggested oeirg disipa)t ion Wi th respoc(t I) titl 11variat ion 31111 )ituIdc
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'ix '_ K) XW_ K<.X2
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t tin wi-rg\. E, reduces %vith time, decreasing by WI liI each full rot ation M'

dE I
O 2,T

Manipulation yields

In (~) Constant - 6,t

I iS r,.su t can ho used to estinmate thle dissipation from mneasuirernen ts of the Jocelerat ion rates

so.s of ditail wit ii distanice3

all~ iriagnietic ficld in free space

Bi y, z) =B-exp---(coslxi. iJ,sini '..xi 3
fiv 13 = 8exp-( -sm I-2f - six 1

-0

A slimillar rosult applies for periodic effects in the yJ direction (ionside ring thle 1) pii is Ili,

tie Iria"IltL Man). surface profiles can be constructed uIsng non periodik- ton rier aliker ra 11 iii;igiiori IC

1idi Cr - pc I hiiiear ilnd addituvtr. :5i Lit results can he superimnposed to tiri the exp-c ted itii Do li I".

0 'istLalnce t ron thte surface. At a distance - from a periodic heil conipotierit. elctm- itkd 1L
ioretis reducedi by a factor of exp( -:

N" ir thle ed i~t .)f a circular magnetic field, there is no ttrst. order aid( little- >oob rder irt

~~~ ~ w e lIte hlis region can be modelled using a 'ut through lihe fiaiuietr Sll~)

il .i ra tyis u a tuniction that is periodic every 1l ?, where errors_ due to I lie virtnl inact .-)I) diion or'

wVAy iro sign ltcarit . loss of resolution of the real magnet is _sufficientkv se, err' that Tfho -'l, Ilotee I nj

orisidered3

I'.ra magnietic field circle of radius R?. consider a periodic field function

,3 f(U, ,B~ 41- I ?< x < Ina- IU 31
) 0 1:1 ? II? < 17ln -3 111

j;trucit tIli liui u of cosines together with1 a c-onstant otfset fi)r t his r St

a . .:iout Lut magetic.~i field, there is 1i0 COMponent of field in Ii'' hz d it U
B I, =) = '

I . rtit i atrsfo-r the frurier ''ompminnit.' 'an eaI m.hr' trru' I his tHit tI sti, 1' rth-ir

II ' III diaira I I 1 -1 m wh~ rsult rnaiay , rititt ]\ !,, is l i olar h' risi-, !itI'

r,'t.ir'i I,'iit jiit t roni tho mnagneri'. -ircl,, Iby -'nsidierinviitw mlr axiilmum radiil !'I,-i

\\hri .r 11' /& hf'orrntiatii B3 rt f, r l. iv''ni height elds

1.r 1T 21 iv

H7hr' '

22 I
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T CalI li"I i Is ItIrto L':LIsing) anld thIie tiy fielId re dtif(-t Iof ofn t Iif )ttIeir ,tl. ie il ,r, i (-, a ri at' IL :ttt

r- I t l III lift
B'(r) B(Y-) +r13(O) x (ouist

f)B(r) B'(r) -B(r)

W11bile at low sp~eeds hie losses are niegligible,, at hiighier rotatiri pueds tlir --i itrijwt.;il lop' ii ill,- A 3
ti erit rt of gravityv carit no loniger be countered by dhe stl' cu i Pand the iiiglie t SNtairt> I1 1 10i11

ti- OSi itrentre of ,rmvitv. The miagnetic: field m-roves ini circles ;It "'Vli polint the( Iluigrieti fi ltnt
iHi.ltradsu b,, twic,- thle distance lbetweeli the two 7eiitrvs. Thuts3

o R( r) -- 13( 7) 2dm 3I
eir ii icli lar'g'-r thian the low speed loss.

If' illt -'.ige )t tli. iagnet is chiipped thie field thiat wioildi havo fppiar tr'iitia s I

tiltiii illapper porltendicular to thie surface of the chip. As cani --tie e iil fitaitra iil It, v

* 'ivi i locail d h feld. p~rovidig a surface heold

63r)=B(O0)( 1 -sin iff fo r 1? 11i !t

I I ;W t,,p %viil ho roll ideti by distaiice.

WI
)0

.......... ........

Diagrami .5: Small field change due to a chipped magnet edge
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mnaccuracies in the ineasuremen t of absolute Itme for the, instants (that are ormly accurate to .50 ms)can be
re duced to Insig-nificance- by averaging or fitting thle results to a ciirve.IAn error in deternmingthe position in tinie of an imnpulse affects thel measured value's of the nelihotring

iitrasin opposite dire~ctions. Averaging and curve fitting both reject such oipnntveywl

Such preprocessing canl be performed using the( standard facilities of EX AMNIN E The irdiv idual tiii
utiter vals can be in verted into angular velocities and analysed to find r qu irfd alues.

It had been intenided to use ant optosensor that conuld be read directly by thle comnputer to provide tite
si iials. IDifficulties were experienced due to frost deposition oni the windows. due to thle low toirieratLire

afeert in g the sensor and due to the difficuilties in targeting tie( sensor u nit on lie, correct magnet regioniile,
ii,, reliable met hod of acquiring impulses wsusing the human eye atid braini for prep rocess iIig and t lie,3key 1,arl for dat a -ni rv The repete-tive nature of the signals made, this ean:id reliable.

Estoiiatiiig feAtrili'e sizes

it t. knrowin that, o a given niaiiit mid superconductor. het a, ai of stable levitaItion hiei'hits
Whenlms AlieseBL LO be elItI Ihe atm(il lit-)n 1oiiiatiun abotit the magZi-IetI itie AFho

HI Cact. th' MU.st l)e -omTparable Ii size to lie levitationl hieilui ;LS lho hiiiited surface, area sf iii

.1Aicts ;00 aippe-r Ifut -it o the size of Iteatitres that canl occur.

We have already founid how to dietermie thle energay loss per rot at ion from a sequence of angularU oe: ty easurenten ts. If thle resulting loss value is plot ted' ai. airnst levir ationl tle igt l1asses of features may
1~r,,:c nTit sed b) hetI Ir chatrac tetris t Ic. d imenisionI .

A featuire. ii the verge of effectiveness, inigh t have a dimension I characteristic of its size. The ma-itudeI 13 >f the fat~u re, will be reduced accordinga to the 1evitat ion height zanid 1'Kr 1B < .X! the energy loss v.,aries
H , Thieti

H1, = 13H, e xp -/I

P' =~ comist x O

-3:

7\ , ( In Z)

IAt f "P" 1<I agItInst lI ;Lis in Ingrami 1.6 nmay allow estimates of f',attiire, sizes, to be nmde. T1hie results
uiii ~ ~ _11t 'iij frrhinntir Iv.in I lie, re sults chapter

',1 i t ,.r tiiu tiv,, t)hraion tite iaiit about, a vertital axis is to rirtate it ah);it a horizontal a1xis III

* iht iio v-r- ), v 4.a e s a w e15ect,

1, ,i %% , 1 .... . rsknsvers f rc-.ars 5 :1 te magtiol III,, I, gravity ACT Ii it t ie: centre of "IuIIss 'i-IIi iI-i ,),IiI p r ta c r n tr ii ; FI, a n ,tIwi ' SIi ;IIIa ni ni ii i
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Diagram 2.6: Variation of loss with levitation heighti

lo )ut die position with the centre of gravity lowest. A mreasu remen t of he, siilat ion treq,'011 1,,,.

Ii, tiol f;br small amplitdes can provide an estimate of djm, 3
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I
3 Magnetic Field Inhomogeneity.

To check the correlation between damping and superconductor loss it was necessary
to know the field fluctuations induced by the magnet. The magnetic field was
measured on a fine scale by rotating the magnet in a lathe close to a very small search
coil (200 turns with an effective radius of 0.14 mm). The waveform was picked on a
signal capture system and averaged to reduce noise. The main errors with this system
arise from vibration in the lathe head which give synchronous voltages even with a
perfectly homogeneous magnet. It was possible to eliminate most of these by tracking
the coil across the magnet in different planes and looking for features associated with
the magnet position rather than the lathe head position. It was also necessary to keep
the coil very close to the magnet and then predict the field fluctuations at the larger
distance of the levitated magnet. A contour map of the field fluctuations across the
magnet surface follows (Fig.l). The surface field was 33 mT and typical field
fluctuations about 3 mT. The largest component was caused by a small chip in the edge
of the magnet.I
Comparison with Damping

3 The loss per cycle for large speeds was increased because inertial forces caused the
magnet to wobble. At low speeds the hysteresis loss was 3.5 nJ per revolution. The
loss predicted from the field fluctuations was about five times larger than this which is
acceptable agreement given the difficulty in measuring small field fluctuations on a fine
scale. it appears that the superconductor hysteresis loss is sufficient to explain the
damping observed. The very high value compared with Niobium is due partly to the
low value of Hcl in these materials and partly to their granular nature which means that
there are losses on the surface of every grain. If high critical current densities could
be carried across the grains the performance would be greatly improved.I
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A7

Flux trapping and magnetization of hollow

superconducting cylinders *
F.J. Eberhardt, A.D. Hibbs and A.M. Campbell

Interdisciplinary Research Centre in Superconductivity, West Cambridge Site, Madingley
Road, Camibridge, UKI

The magnetization of hollow cylinders of high T, material and the field trapped inside them
has been measured by integrating the signal from coils outside and inside the cylinders. The
tw,,o coils allow the field trapped in the grains themselves to be separated from the field dueI
,n tht- circulating currents. The trapped field tells us the maximum field that can be expected

ar magnet If J drorps rapidly with field the parameter which will determine the trapped
*ieid is not the zero field critical current density but the field at which it is redlui-,, byf half.
A comparison is made of various preparation methods.I

Keywords: high T, superconductivity; magnetization; critical currents

tki' ,, Ocr> .ttriuni harium ci)pper ixide which have been A- hollow cylinder l'abricated out of' this maicrial '~In

f'I prc:-cd and intered into a solid block show two Interestingt geometry for a numhcr of' reasons:
* :ntntn'pathwa vs. O ne is confined to the IIti osbet eaaeotteefcso'te1-o

ci rains ith K nt rac.ratn current)and has a critical itrreis, osible toe fiepdsate o the lec ftso th cor tand
Icrntteislt, , .1< . o approximately 10" A\ cm 2 a 4 K'cretsn.te ilsdet h fu ntccr n

tc cn co~;cra hor'.dr~e th inercatnthe flux in the material arc in the opposite sensc in the
mt aN muh li~r . inthematrils core but in the samc sense outside thc cylinder. as,

fLrrijted >, fojr Th is is, Illustrated in Figure 1. For soni iue2
pu~il>rpo >e> it I,. ncccssar% to bring the intergrain 2 this ceometry may hc used for Ncreenmne purposc,., a nd

Ii to t the ,.aiucs achieved within czramns. .1it is easy to make And it may b~e the most :fetetixe U
-::l-I 'e maria 11 Is Cpi)'ed to a ma-net'e field the o-cumetry for m aking permanent mauci >in1cc it :s .I

ii r~e * acmuse ai m11acnetization oltlemore lfictent use of material.

ffld . a b in tererairi cuirrent, f'orm a screening

P ii> . ilustraicd in /Ficuri 2.

Maximum screened field

ihe critical current densities iif these materials fall %cr'.
rapidly in the presence of a Nmall mnagctic field' The
fall is approximately exponential:, illustrated scheniati-
callk in [+iurc 3. If a held of strength B, is required In I
lie core of a solenoid of this material the %%ire would he

restricted to operate at the critical current denstJ
Sine t fe current densit in a solenoid IN, tinif'Orm thef-i

C', will fall off linearlt, in the w all oA the soleinoid.
In nontrast a mnacnet made 1,-nt a Aoid lck I!i

niaterial wkouldl haoe a field protIile %0hielt WIN, tot lint~ar
Plic enitical current densi t inth li aterial Wi u Id t art

a( ./_. Inr thle centre and rise as, i le am ient i'd fel.
reachinithe zerolheld salucof.! at the ouier ede in
lie thick ness if material required vould heIs, ti

wo, rth piuintinmie oit that if' the iall oI1./ %kitliapplied hield
-''Jir!~ ~ ~~~~~~~~~~~~~, 1 a'r~ r ii i/1 i ~rir 0m.'~ii pprim~natelo, c p inential itt itiportaitii paraiir !or

. '... J i% Wi tir'.l , iiiv.fir 'fo thbese niaterials \xill hc t he 'flue ) i ci al~ t oo hilht h

critical current densito, liN !allen to half the zcr, i kId
it i Q ' i C ''r, i 00 r ;~n~i'trs alu .5, front this poit the 1i(: f1 c. lindcr rcgiiir-Cd ! I

hdtl r iS 'Ap i :ointain -I iarcr hieldl %killIII rix :p ' ,en iIl mI o

Lj" I - I r- I I
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Flux trappifng and ragnetization of ho//ow cylinder F J Eberhardt et al

barium nitrate in the correct stoichiomictric proportions w,'here -I is the critical current densits of the interraln " I
aind hrin, at 0i t C for ,cxcral hours. The pownders ,Acre current and L , is the mutual Ind uctancc between the

o roui nd aid pressed into moulds to gie cxhndcrs of the search coil and a one turn per metre close x, ound coil
Approx mate dimensions 8 mm id.. 14 mm o.d. and M0 1I3 filling the laxer of thickness oI

mnions Some powders were pressed dr, and some were In the extreme case of' an finite clinder the inner
,Act %w.lh acetonle to facilitate handling All,1 cylinders were coil responds only to J. and the outer coil to the sumn of-

annealed In fing oxygen. Two further cylinders were the currents. In finite sized coils the coupling is ,till
fabricated from bismuth calciun strontium copper oxide different but to extract the ,alues of J, and V! separatels
to the ,toichiometr, I I I 2). It is necessars to calculate the mutual inductances I

[he cxlindcrs were cooled in liquid nitrogen and Mutual inductances wcre calculated using thcformulae

exposed to a magnetic field for about half a irinute. Two and tables in Reference 3. These formulae are for single

coils were wound, each with 800 turns, one to fit into the lax er coils. A computer program %&as written which
core of the cxhnder and the other to go outside it (see treated each coil as a succession of concentric slices. Each

Fiiurc 4). The superconducting cylinder was lowered into slice was treated as a single laer coil of the appropriate

the larger coil or passed over the smaller, inducing mean radius and winding densitx, and the contributions
otages which were integrated. The coils themselves were from each laver in one coil to each laver in the other

rathcr sensitie to mosements in the earth's field and so summed. The calculations were checked by measuring
were kept ,tationarv, the signal in a third coil. and the agreement heireen

The magnetization of the bulk material can be modelled calculated and measured -iena was 'ithin
h. considering it to be equivalent to two opposing current I
sheets on the inner and outer surfaces of the cylinder. (It
is assumed that the magnetization of each grain is the Results

-,ame). The signal in i search coil is then given by In almost all samples the tield in the centre coil a,, n 1
the same sense as the applied lield. indicating the presence

I d: = .,,,L. - L) of trapped flux. When a cvlindcr was slit axially, the hulk

current pathway was interrupted and the signal changed

si, n.

Ahere V Is the magnetization of the sample. and L, and It was originally assumed that since the critical current
L are the mutual inductances between the search coil density falls so rapidly with applied field. ti~most all of it

.ind close wound one turn per metre coils on the inner could be considered to be flowing in a cgion approxi-
and outer surface of the cylinder, respectively. By a one mnatel I 5th of the cylinder wall thickness around the

'urn per metre coil we mean the inductance of a closely outside edge of the superconducting cylinder. This

wound coil of n turns per metre divided by n. assumption was checked using cylinders in which the

Interrain currents flowing in a shell of thickness w give signal had been measured both on a complete cylinder

a signal and one which had been slit axially This revealed that
the two coils gave comparable % alues for J. if the currents
Aere considered to flow in the region close to the centre

I d = .1 L,, surface of the cylinder wall. We beliee that this is due
to the fact that in these samples the magnetization and
trapped flux produce fields of imilar magnitude in the
centre, causing the net field experienced b, the material I
to be lower on the inner surface than the outer surface.

The results are shown in Table 1. Samples 1-3 were
all made using barium carbonate as precursor. It can be
seen that there is very little difference between those
fabricated with the aid of acetone and those which were
not. The handling of wet powkder ,as much easier than
dry powder. Critical current densities are low Howeer I
these are not zero field critical current densities. There

is a tield of up to 3 mT trapped in the core, as the cylinder
walls arc quite thick. The best sample used barium nitrate
as one of the precursor materials isample 4) This had a
critical current densit, fixc times better T.o :xhndercs
were also made from the hismuth calcium strontiumcopper oxide material I I I 2) One wkas ground to a
powder and its diarmagetic susceptibility measured. This
showed that the material contained both the high 11
phase i 11 K1 and the lower F phase ( zX5 K). and

the oxerall susceptibility was comparable to the material
used in samples I 3 The ,ccond cylinder was tested for
tr;ipped flux No ,i enal was detectable from the centrc

coil and the outer coil.ease .t ser, small signal 'lil"
Figure 4 Schrir'r, il"iq'm shuw nq !me )I Cqene nlT ,ii *h, e n lcs us to pt In tLppe, lim it on Mf of i) Im but e
',',U i' r i .: '.,cainit ,ax whether there ire iignificant inLergrain



F7h) trappincqjod ,,n3gne11zat1o7 ofh0 /ow10, cy/ifd F J Eberhirdt e, iil

Table 1 HSLJtS ot cr~tcti current dtrisitv anon maqnrt.,! Zton t:tsn t5' C

'Siniprn itnbrr Methoo of manutacture J A (:in Migtre'.zatn rnjT

Powder pressed dry 77 0 72

2Powder pressed wet 66 0 18
3Powder pressed wvet 72 0 53
4Powder presstbd dry 370 1 7

nitrate precursor)

5 ~Bismuth compound ~

I currents present. These results are consistent with Acknowledgement
miatflettzation results 4.

The authors w.'ould like to thank the I.S arm%. tor their

Conclsionssupport of this project-I[e measurini- techniqtue dev.eloped can give v.alues cif
nlterg-rain currents and magnietization without requiring Rfrne

c ontact to be made to the specimen. Like all measurements
'.. thout a bias field there are considerable uncertainties. (ampbeIi. A.., Hibbs. V.D.. EbcLr-hardt.J., %laic, ' .. x~h'.. N.I as the mai-netizatton is not itself constant in the presence and Evetts. J.L. %Liaunri.aiiin and :iI~.n n;u I
Of small fields. The geometry described is suitable for the pir~dc, P~aper prcscnltce :):ini p i;

mlanufacture ot permanent maginets once critical current 13 ...ir to n 1S ,-
densities are raised to a more acceptable level. Although Kupfer. It.. kpfelsiadt. L.. . -hauer. W%. FHukiger. R.. Meicr-Ilfirmer.

U i :hcismuth compound is easier and cheaper to make R.- and \%uhI. If. /b 0' !? -4ri

lhlU 1.!"~e t"triur compound. preliminary results suggest Gr v ./~u.;r u:~r. t.\k. :,F' 1.n i, >I

thait it has exccedinlv small critical current densities. 4 Ifibbs. A.D. Personii ciommunication iS'.
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Abstract. An analysis is made of the screening of low-frequency magnetic fields by
high-T. superconductors, Screening can occur either through the cumulative effect
of a composite of isolated diamagnetic particles, or by the induction of bulk
transport currents if the particles are connected. In the former case it is possible to
define a screening parameters = t a where t is the screen thickness, p1 the
permeability and a the size of the system. There is only significant screening if the

arameter is large. Even when screening is significant demagnetising effects out a
rather low limit on the maximum field that can be screened so the conclusion is that
screens made up of insulated superconducting particles are likely to be of veryi hmited application

1. Introduction identical to the increasin, (or. it approrri.i ,
decreasing) curvc of the irreversible supCrconductor

The diamagnetism of high-T superconductors is divisi- The irreversible material wkill behave in the same .ka', a>
nie into two components. One is due to currents passing the imaginary reversible material provided there are no
between grains, the other to currents within grains, regions in which the local currents reverse. and proid-
Since it is proving very difficult to carry high currents ed we do not try to use expressions inoliig the

etween grains it is of interest to determine how useful entropy of the system.
an arrav of independent diamagnetic grains might be To make the problem tractable we can ,plit thei or the purposes of screening and levitation. Screening magnetisation curve into three regimes. At low. tic!d the
due to transport currents must be treated separately. material is linear and reversible with a ,mail per-

meability. This holds up to a value of H where the mag-
netisation goes through a maximum. We ,hall call th,

2. Fields in composite superconductors H, At higher tields the material can be regarded a,, a
It is first necessary to establish the extent to which the permanent magnet with a magnetisation determined bh.the applied field. This magnetisation is smiall compared
classical theory of permeable materials can be used. A with H and will be postive or negative according to
reversible type II superconductor of any shape can be whether the external h eld has been tncreacd tr

treated as an ordinary magnetic material provided we decreased. It does not chan-e rapidl, with icid
define H for any value of B as the external field in equl- P

E ibrium with that B in a long cylinder parallel to the
field [ 1. 2]. The magnetisation, Ni. is then defined in the 3. The permeability of composites
4eneral case as B . 0 - 11. If we make a composite con-

S qisting of isolated particles of this material we can still The permeabdlit, of a compo,,ite is not cal. , ca;,uiated
use the same expressions and definitions. We define B as in the most general case For ti dilute arra'. %'.e :an add
the average flux density over a region large compared up the moments of indiidual particles in the ,appiied
%kith the particle spacing and obtain the B-H curve by field and extend the rance of ahldit,, h' , uin: tic
measuring the flux density in a sample of tero demagne- Lorentz theory of dielectric constant,, Fi result for .1
tisiniz factor volume fraction I of ,pherical particles is I

If. as is normally the case, the magnetisation is 31 1+ 21I dominated by hysterctic effects the theoretical argu- -\ concentrated irra i' morc likcly to bc ot praltt-
mrents based on thermodynamic equilibrium break cal interest and .e can :_faculatc the pericahlit I i
down, hut tIle magnetic behaviour does not depend on ,et of ,uperconductinc cube, '.ith i thin ,ir ,paceI the assumptions of equilibrium provided the field is bet'seen them. prlidcd kc .lnpl% the field pCrpCndlcu-
changed monotonicallv The behaviour of a material iar to (he c.ubc f 'ce,, I the ,p ,cteen each cubc l.ice
.onsisting of insulated particles depends only o l local - 2J1 'nd !Ie cibe,, hl,. c i i. the perm i cllit, i, !ulq
,alues of B and the fIlB) curve, as measured on ai lone tile .irea triion "I 'rc ,,'a.c ,iil .1 --, -c..t ,on. CI

thin simple, if we now define If as the external field in i - 4o : I le il unic tri.:ion iN ci.en b,, I
his experiment. We can then imaine a reversible ha - ,o .( ,i 0 .1i \ ore :omplp gcomnetric.. arc

material with any t(B) curve we like ind Lhoose one hest v ,rk l l) % ii',lmiii the inalo tc ic 1 ,in irri. ,1
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electrical conductors in place of the interstices between screen is
the grains, but the effect will only be to change the 3 I - I
into aother similar factor. It should be remembered I - I
when working out the effective volume fraction at high 0

densities that even if the grains are touching there is an This is the same as the screening factor for the uniform
effective air space equal to twice the penetration depth external field. The factor by which It is increased in the
between the grains, material is also the same as in ' 4.1

4.3. Case (iii). infinie shP,-
4. Screening If the magnet is placed close to an infinite flat sheet %,e:
VWe assume the material is linear with a permeability it. can find the field on the other side of the sheet. There

are a number of different configurations, but the hasi, I
problem is the same as that of a point charge ahooc a4. 1. Case (i). A spherical shell of superconductor in a prbe stesm sta fapitcg bo.

4.1.orm Csex per ical sl of sdielectric sheet. To obtain the results for the magnetic
case it is only necessar, to replace E by H and :h Iii.

This can be solved exactly by using a magnetostatic The solution can be found in Smythe [3] If o.e put a
potential containing dipole and uniform field terms and charge q at the origin, and a sheet u thickness r and
matching boundary conditions at the inner and outer dielectric constant " perpendicular to the : ais, the heid
radii If the external radius is a. and the internal radius on the other side of the sheet is I
is h, then the interior has a uniform field Hi given by2 bql-#:_:,_- I LJk l 1-" ,, dI

H, q(a3  Ik l
911 where 1 - .,: 11 and p is the radial distance

If we put t a - b. and assume both small u and from the : axis. This can be written as the ,un )I ihe
small t a this expression reduces to fields due to a set of image charges b, expanding the I

bottom line with the binomial theorem. The potcntiai iHo, H, = 1I 2t 3ua.

q( I - 13i 1 i _
In order to get significant screening we must have * l-_ _

ai - r a. To take a specific example if the thickness is

'"., of the external diameter and M = 0.01 the field is
reduced bv a factor of 8. It can be seen that the material [: - at- ,
must be very close to complete densification if reason- Notice that this does not depend on the position 1t
able screening factors are to be obtained. Since there is the screening sheet. Only, the distance to the charge. -. is
inevitable penetration of each particle by A'.. as well as d t

the distance occupied by currents in the grains, it is also relevant. This expression can be apphed dirctl% :, 1
small magnet with widely separated poles, each ,t w hicth

important not to use very sized particles, behaves like a point charge, but similar results wkill he
We shall define the screening factor s by s = t tta, i.e. obtained for other shapes The image sstem. .hich is

the relative thickness of the screen divided by the mean awsaind, onth sfa he reuce bx ic , h in

permeability. A similar parameter can be defined for always vald. consists of a charge reduced b, 1 -t

most geometries. In this case if s is large the field is the o ginat zoson eth aples to ll mat and
reduced bv a factor 2 /(1 - 3:)at .4tetc This applies to al maets and U

The maximum field that can be screened is consider- coils. The maximum screening is with the magnet u
ahl,, smaller than the peak of the magnetisation curve. touching the screen and the test point immediatelx on

If r a and a are both small the maximum value of the the other side of the screen. Then - = r and , = () and if

effective H1 in the material Is 1,(p 2 Y3a) . For small 13 : 1 the series can be summed. We find that the field
on the axis is reduced bh a factor of 4 )u. If - the

the internal field is increased by a factor I p and for
large it is increased by a factor I 5a,,t. For the example exponential on the bottom line can be approximat-_ed to)

givt-n above it is 151,. Hence the maximum field that I I - 2kn and the integral hecomes

can he slcreened is about H_,. 15 or tvpicall, I ml This I e"' __

,can he Understood from the fact that the energy avail- 4IL,: -, d

ahle to exclude the field depends on the volume ,of I
supercond,,ctor. so thin shells cannot exclude such large where ,ry s ::. he ,creening cctor or is =
hields as solid spheres. Results for cylinders are qualitat- geometry. using superconductors. is . = - I ii:

1-ek, similar to) those for spheres. gr It can he seen that for sniall a the %alue )t the inte-
gral depends on t :. Fhis is similar .ictor to the one
appearing in the screening h, complete shells. oith the

4.2. Case (ii). Mlagnet inside a diamagnetic shell distance to the magnet replacing the shell radius For

This can also be solved in a similar wa,. and the results small values ,)f the ield is reduced ho. i factor 1 I 1

ire oimilar to those of . 4 I he ratio of the dipole Numerical integration ho,,s that Ii general [Itc ieldis I
nomnent without screening ito that measured outside the reduced bh ahout iI) %,hen I and the niinmum i,

, 1 '
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the .alue dericd ahoc, 4.9P, when both magnet and distance : is from the magnet to the sheet, and for s = I

test point are touching the screen. the image strength is about } of the levitated magnet.
lhe demagnetisation effects in the spherical solution Most leitation takes place at distances comparable

also appear In this eeometr. For this purpose the with the thickness of the superconducting layer, so quite
appropriate -- is the distance from the magnet to the high permeabilities are tolerable. Films under 10 pm are
screen For t the field in the superconductor is unlikely to cause levitation without transport currents
increased h, a factor 2 0 - u). For small t the factor is being carried. Only very small magnets could get close
I ii for small s and 2z t for large s. A reasonable enough and then the high field near the pole pieces will
appro\miation is a factor I (p + t 2:). Thus thin sheets drive the film beyond 11.
can be driven beyond H,, even if the field was much less
than this before the screen "as inserted.

6. Screening using transport currents

5. Screening of coils If the currents can be carried over macroscopic dis-
tances these will provide much more effective screening.

.\ common arrangement for detecting superconductivity The current densities required can be calculated easil%
is to insert a sheet of the material between two thin coils in the situations above. For example a current of
and measure the mutual inductance between them. The I sin 0 A m Itowing in a spherical shell produces a
argument used to justify a series of images is valid for uniform field inside of 21 3 A m '. Hence to screen out
ckoils I,, well as charges, but the values of mutual induc- a field of H, we need a maximum current
t,ancc are more difficult to calculate and another vari- 1.5H, A m-I so the current density is J - I= H, t
able. the ratio of diameter to spacing. is involved, where t is the screen thicKness. In general a field of H.,

Fhe Net of primary coils seen by the secondary is can be screened by a screen of thickness t where J ' :I derived from the series in equation (I). If the sheet is of H,,. However the very rapid %ariation of J. with H., in
thickness tand the coils are : apart it consists ofcoils of high-T superconductors leads to an effective limit on
lirength iI - . , (I - 03 Z), I/p(I _ 132) .. . situated at the field that can be screened.
_. : - 'r. - It respectively. Values of mutual While the current density is dominated by normal
inductance can be obtained from reference [4] and the barriers it will vary approximately exponentially with
,cries summed numerically for any particular case. We field. Suppose J. = J.,, expi - H H') where H, is a con-
summarise the general conclusions here. stant dependent on the nature and thickness of the

Firstly, if the spacing of the coils is large compared weak links. Then if we consider the field distribution
.kith their radius they behave as two magnetic dipoles across a slab of superconductor parallel to the field
and all the resurts of the earlier sections can be used. If dH dx = J -
the coils are close compared with their radius, the
I nductance of the image coils does not change much if H = 0 at x = 0 the solution is
until the% are further apart than their radius. The
number of terms for which this holds in the series of Jox = H,[expfHH,,l- I]I equation I I is of order rt where r is the coil radius. If This means that for fields greater than H, the thickness
we cuZ off the series at this point, the field is reduced by of the screen rises exponentially so that the effectie
I - wf ,"here n -! r t, hut with a minimum value of 1. limit for screening is H,. This is also the maximum fieldI This works for both small values of fl and for /I z: 1. In that can be generated in a magnet wound with wire of
this latter case / - I - 24 and the field is reduced by the same material. Thus for practical applications to
ur t. This tits in with previous geometries if the relevant magnets the most important parameter is not the zero-
,i/e in the screening factor is the coil radius, field critical current density. but the field at which J,

Fhese results apply to an infinite sheet, and sheets of falls to about half this value.
a diameter comparable to the coil diameter require
more detailed analysis.

I e general conclusion to be drawn is that a Acknowledgments
material made up of individual superconducting grains
i,, not a erv effective screen. Firstly the permeabilit, I would like to thank the I S .rm, for helping to

I must he ,.er close to zero if the screen is to be thin support this work
compared with the dimensions of the screened space.
Secondly. if good screening is achieved by a thin sheet it
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I material o that the magnitude of field that can be
crcecned without drivig the material over the peak in II Josephson B D 1(t PhiN Ret 152 N'2lI

thc manetisation curve is very small. 2] Campbell A \1 and H ets J F t 92 iht .., 21 1Q
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I
Abstract. Solutions of the Ginzburg-Landau equations are found for three types of

barrier which could be the cause of :ow current densities in high-T_
superconductors. Since the depairing current of bulk material is so much higher

than the critical current densities observed, the effect of the barrier on the
Ginzburg-Landau parameters must be large to explain the magnitudes of the
currents. However, the variation of critical current with temperature shows a large
drop well below T., wnich may explain the region of relative reversibility often

seen below T c . and with suitable parameters the critical current drops rapidly with

grain boundary cngie as observed experimentally.I
I 1. Introduction The Ginzburg-Landau free energ. is then given by

The most characteristic feature of high-T superconduc- h ('do h-
tors is the low value of their critical current densities. 2 .dx 2m* dx
The Ginzburg-Landau equations have been remarkably (1)
successful in predicting the properties of superconduc-
tors. and even when used in regimes beyond their theo- We assume that the parameters x. /3 and m* are
:etical validity they frequently give qualitatively correct smoothly varying functions of position and use the cal-

conclusions. In this paper we calculate critical current culus of variations to minimise If dx across the bound-
densities for three types of boundary in a superconduc- ar. The values of 0/ and 0 are fixed at large distances

tor. The first is a planar defect in a homogeneous from the boundary for a given current so that the con-
material in which the boundary condition on i0 is the ditions for the integral to be a minimum are

same as at a boundary with free space. The second is a
barrier in which the superconducting parameters vary f d .(Y and d "

smoothly over several coherence lengths, and the third a iW dx OiV 0.4 dv O0'
similar barrier consisting of a dislocation arras making
up a low-angle grain boundary, where ,u' =d dx and 0'= d0 dx. These lead to the

Ginzburg-Landau equations appropriate for spatially
varying properties:

1 d (I)h d) h -- d 2/31 3  
(21

2. The general method d": ,n-- d n* d x- (2)

The model used is that of a planar harrier region across and
which the Ginzhurg-Landau material parameters var,,
smoothly with position. We assume the approximations J _ dO (3)

commonly adopted for weak links, that is to say that "* d.I the problem is one dimensional, and that the field is
small, so that the vector potential. .4 can he neglected. Substituting for 0 in 12) gives the equation we require to

This tmplies that the )unction is small compared with ,olve for a,I the Josephson penetration depth. Fhe current density is
then uniform across the junction. We write the order - Ih di ) - - 2, .- 2> 14)
parameter is iie dv 1i0 dx '
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1c see that the Ginzburg--Landau equations can he For i = 0 a solution could alvas he found For

used virtuall, in their usual form pros.tded we take ,n* large I, t' is alwas posit e so the solution diverges. B,

to be constant. increasing/ from zero until no solution could be found.
It is the purpose of this paper to draw, essentially a value for the critical current density could be

qualitative conclusions about the boundaries in high-T, obtained. The procedure was not alwas straightfor-
superconductors so therefore a number of simplifying ward since close to the critical current density very
assumptions will be made to avoid having roo many small increments in v at x = 0 had to be used to avoid
unknown parameters. We shall asqume that m* is con- missing a solution However. it was usually possible to
stant as the simplest course to take. Other assumptions determine the critical current to better than I

are unlikely to change the general conclusions.
To make the parameters more physically accessible

we put them in terms of physically measurable quan- 3. Types of barrier
tities. These are3.Tpsobare

S- h 2* 3.1. Incoherent boundaries

S= : ,The first type of barrier considered does not involve a

= __*____ continuous variation of the local critical tield but takes

- 2u,.e~h "a uniform material with a modified boundary condition.
At a free surface the boundary condition normally,

In what follows the subscript -, refers to these param- assumed is that i, = 0 but this boundary condition
eters in bulk. undamaged. material weli away from a must be changed if . is small [1. 2] The true boundar,
boundar% We put condition is A du/d.,w = ip where .\ i,, a characteristic

32 e -; )i distance determined by the effective reduction, or

2 m* , increase, of T: at the boundary. ,We assume that this is
the houndarx condition on i at the boundary but that

This is the bulk Jepatring current. 2, _Hi 3, -3;.. Also instead of free space or an insulator there is a similar
put superconductor on the other side of the boundary. In

"= -these circumstances w; will be continuous across the
boundary and a current can flow across it.

which is the order parameter normalised to I far from The variation of ,v is shown in figure I for A =

,he boundary, with zero current flowing. Equation 14) where _(Tl is the Ginzburg-Landau coherence length.

can then be written as The two graphs show the order parameter for zero
4K xcurrent and the critical current. Figure 2 shows the cal-

-: .., ( ):1 - H_ ,._ -v ( 7'7) -v =,1. s5 culated critical current density asa function of A. (T).
J -r H K_ The critical current density is normalised to the de-

To reduce the number of possibilities we now pairing current density 0.54H. . hich is about

assume that the type of damage occurring at bound'ries 0o A cm - at 0 K. The critical current density Is
affects mainly the electron-electron interaction, produc- roughly proportional to A .(T) for A < .(lT). The I
ing an effect similar to raising the temperature. That is.

we assume that /l is constant and )! varies across the
boundary. This is equi%.ltt to assuming that H is
changed while K remains constant. Once again it is easy
to tr, other 'ariatons but qualitative results should be .- ,
.,imlar |

In terms of the dimensionless quantities
-. ,-

r ii, t , hifxf I It I .: / V.

equation if) becomes / I
a

This is the differential equatimn that ,.,as ,olkcd numeri-
call- A barrier i',mmetric in 'was assumed -or farce
Iaiue. ,of ', at x )the so lution diver, ies. and hor small

values it oscillates. o varitus alutes were tried unti a l

solution Aas found that did neither of these, tip to a
distanceFigure 1. Varaon of order aram'er wth dstance from

the boundary \ The two curves are for j = 0 ard for I
determined the relative order parameter, i, at the origin / - 05 1 = I is the bulk depairing current and 0 5 the
to I part in I)' critical current of the barrier
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Critical currents of barriers in high-T superconductors

I _.. .. .

I Figure 2. Critical current density as a function of A 2

product J. Tl .A lies between 0.2 and 0 64 for \ I) S-

between I and 0.04 Figure 4. The variation of the order parameter with

distance ifH = H [1 - exp -x2)] The order parameter

3.2. Variation vith temperature is shown for two vaiues of the current, j = 0 and I = 05.

* The variation of J, with temperature Is due partl. ,0 Of Suppression of If at the centre of the barrier Is given
the variation of - %,,th temperature and part!, to the b, a and the ,,dth of the barrier in units of the coher-
reduction in the order parameter. The expression foc ' ence length b' ,i The boundarv condition is now
given in reference I-, A T L - T,. Here I s di, dx =) at x = \ t,,pical result is shown in figure
the lattice spacing. wvhich ,.,e take to equal to _,. and 4. Here h = I -- espi - in other words a damaged
T_ is the critical temperature of the surface region. This region of hall width 2 where the critical tield justI is likely to be reduced since dilluse scattering leads reaches zero at -he centre. The values are svmmetric
to the removal of half the Gorkov kernel. If %,e suppose about the . i.xis and only positive x is shown. The
T, is zero so that .\ = - and also i-l TI = lighter curve shows the assumed variation in it. i.e. i inI )[I - ir T)2) ]- with ( = 93 K wc can calculate the Ginzburg-Landau free energy. The heavier curves
the variation of J. with T. show the variation of iY at two values of,: one is j =)

Figure 3 shows the result. Since 2iTi onl, ,aries b, and the other is j = 0.5. the highest current for which a

a factor of four up to 90 K the main source of the solution could ne found.Ireduction in J. is the reduction in the bulk depairing
current, which is reduced b, I -- iT T_. ])T This is a
factor of 7.7 at 80 K. fhich is the sort of reduction often 3.4. Larger barriers
observed between helium and nitrogen temperatures. The calculations were repeated for barriers with larger

values of a and n. which involves extrapolation of the

3.3. Damaged barriers Ginzburc-Landau theo;y into material in which i is* ~positive. This is certainly valid for a superconductor not

The second type of barrier considered is the kind of fariabve its critical tempe ra u and p aus ble
Sproc s such as irradiating a shorta plausible
effect produced bv a shypothesis for material that does not become supercon-
section of a ,uperconducting strip. This was modelled ducting even at absolute zero.

I by making a vary. as :1 - a exp[ - .,2']; The decree The results are shown in Figure 5. This shows the

reduction in the depairing current at various values of a

;- .- for it = I to 6. We conclude that / drops roughly expo-
nentiallv with both width and depth of the drop in H.
at the boundarv. Bands covering the current densities
seen in sintered materials i.e. I(X) A cm- 2 and single
crystals i300 f) )0 A cm :) are shaded. These show that

in sintered materials the foot of the barrier we are
looking for could be, for example. just normal at the
centre with a half width of greater than , or could be
distorted ten tines the amount needed to decrease it toI normal, over a width

-. ' 3.5. remperature dependence

Figure 3. Critical current as a function of temperature for I I order to predict the temperature dependence of J, we
A =need to know how It .aries with temperature. We
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Figure 7. The variation of J, with temperature i H, =

H, 1 - 2 exp( -x 5-)

"V- , "T equation (4) gives

S4 j,
Figure 5. The variation of J.- with width and degree of - 3

reduction of H, Here H. H.[1 - a exp(-x n.)2 ] 27 V3(l - )-

+ I - -- exp( 71-,  - y3 -

assume This equation was soi,xed as before for %arious ,alues of
T'and tigure 7 shows the results for 1- 93. n = 5 and

H . = !t ,9)i - . 2 = .
L T, The theoretical curve looks a bit like a Gaussian of

To use this we also need to know how T. varies across half width about half T.. However, over the range

the barrier, given the variation of H,. We suppose that 4--SO K it is remarkabl. linear, extrapolating to zero at I
the damage reduces z by the same amount at all tern- around 50 K. A bove 50 K the critical current density

peratures. leaving 13 constant. The variation of H, with decays rapidly to %ery low values. B,, changing the

temperature in damaged and undamaged material is parameters it is possible to vary the critical current I
illustrated in figure 6. The curve for undamaged density and the temperature at which it becomes small

material is shifted down b% the damage, with the imph- but the general shape of the curve remains similar. The

ation that H, is proportional to T: . Since the tem- lower is J_ at 0 K the lower is the temperature at which

perature is varying we now, have to normalise equations J. starts to drop rapidly.
to the values at 0 K well awkay Crorr. the houndary. ie.

H,0) and J(O). As before. , and H.., refer to ,alues m
well away from the boundar, at the temperature of 3.6. Low-ange grain boundaries
interest. Then Experiments by Dimos et al [3] have shown that low-

2 ,H{0I H , angle grain boundaries can cause signlticant reductions s
in critical current density, even when apparently quite fl

J, = J ,(H_, fI(O)13  clean. A low-anele grain boundary is made up of a row
of edge dislocations, and outside the dislocation cores.

and which only occupy a small proportion of the boundary, m

H (0)[I -iT F - Hj0)( I - the main effect is a large linear elastic strain. It is
extremely' difficult to apply such large strains to bulk

l'.ttine the distance in units o(f , and substituting samples except under purely h.drostatic conditions so

. I normnahised by the depairin current at I) K in there are few data on the effect of shear strains on T It
ts plausible that the effect is large, notwithstanding the

small effect of hydrostatic pressure A shear ,train ot I
produces essentiall, a different cr,,stal structure which is I
unlike y to be superconducting. Within the limitations

if a one-dimensional solution we model the effect of a
grain boundar, as follows. We assume that 2" falls as
the square of the strain t , preser',e the s,,mmctr,, of the
houndar, Since F. is insensitt'e to pressure the con-

- .. : ponent -f strain u,,ed was the %on %ltses equi alent

Figure 6. /aration of T Noit H e Yr The Japer :urve s shear strain For the results ,hown the sensit, its to
'or undamaged materai ard tr, ower for damaged strain was taken to he such that -, \,s reduced to zero

material h% a strain of 10" , This would correspond to a stress of



Fiue 0 ,it ca rrentf trp, ir ruto (it JF)O)itiitor,

a* o d

shw F igu e .critical current arsj ' functio n 0I of tefrauel)r

Figure 8. The virilion of H, and v, near a tow-auiql grami perature. The citical current densits (f th(Ie cittipleitc
* )oundary of 6 icimation it F (joes to :ero at a strain of boundary could he obtaMined h% repeaitirtwteslltit

i) The order ;xrirmeter is plotted for both zero and for valIues ol v between tile dislocatmitl cre C.ittd
:al icur t averaginij, hut it tew of the t[her ipproximuifaiotis

mlade wec tale n[ot done this. A 11ull sollitioti wkouldI hu -4 ( ;1)a1Ithe rclatiott between F anid 11 s, tAikeI require i towo-dinmensiottal %ariationl of .1 to 'ititse thle
to he thle lanie I,, or tlte disordered _,ratn houindars Current distritittori.

treated aimxe.

A \ mrairt hOunIr'. i mdc A llt haIs dislocations1 3 dIS-
an~lc /m i part. where .' 1s thle BuLrgers vctor. WeC take 4. Discussion

* Bto he the' tinlit cell size, which is approxilmatel equIa
toWe consider twko dislocations at i. - -_,_'O anid [hle Main concIluis11' to hle drawnir from thtese results

11s, thle oe-ditniCnsion,il ( uinsbt~irig Landau equation for Are quialitati'e. I-ie first conies from thle ri:etcnic ii which
cuirrents flow-tu p~ir:ilcl to tile "axis. [lie fct f t htie (uinzhurzlana eq1(.1. Luations are know it to be icenl-

* oivii tile full prolent will he tom depreS thle Orde! rate. [-his is close to I' and with bamrrier that ire full"
piarmeter in [the ixjis, where thle Iolal Shear train is suiperconductind at absolute zero, even i' thie centre Ina%

minimium, and tom fiise it tiear thle co~res Litle to lriXiiit- ble normial at teniperatures clOSe to thle bulk F [lPIe
m itv effect inl the f irectioni. I'o tulinimise filits effect we general reslt is thlat f-or all three ty'pes of barrier thie

look it the curi-rnit a distAtte f.X ofl tlie distance MOSt p.lusible aVssumnpt ions lead to Current densities
front tile aisi, tom c -I the dilocaitiiores Fhie lit- muicht Itiher thtan those observed. [is IS bCcause weC

C teec rmte, dmniia ouini niest ire loikint lor a reduction from, tile depairnluren
h)e as fairce is Iator of cit. of the ordler of IW( for intered niaterial and t his

",Cure "" shii tIt vrin"," if I"" "iitd li oie mquiies verv large changes inl the (inbtcLandaul

p. ir~iter f-or .i hm hitiidar [lie lower order patain- piratieters.
* ter is, for tile criticil current wich is, it .2 of filie bilk Where thle reduction is duie fto tile boiindarx condi-

fepamirinv c:urrent hur o%%imwS tile criicail tirietif tutu J 1 is reduced rouighl\ in promportin fio A so thtat wec
need vlueIs Of .\ of thle order of It) V) 1t thle surflaco
I is, zero \ is, the order of -, o there is, a tmajor Lhis-

Crepjiiicx here ( 'OtntiMOtS harris titlst hle w ie to

reduIc tile Ciii rtit hiisitx to espetlinitttl \ahis \

baieicr in which r ie isc, I I 2 ill k f) I

nioir italI over a istitice _ tIsl his a ci ici cutittI ilsitls of I f) A\ Cii w, hOichl is w thinll the !Cetif~a
ranige ibServeif It Scens doh1 il tltit cleanhoitiis

c:ould cause such hiSriuptoti. Aind~ it liet! thin1 11iit1iiI m~lix sigreLa.iiuii it etaiti fmmiiiim.time -1 .iuiliii theL ;ow

ntiliii tilile ittich Imiccm 1bhit to tif~mfiitmni it

Figure 9. .m0l i" '.* m i ri, tit m 0 o f rii rih tii lir y It s I i~ hl i.. t 11 Im ,,,Im 11.i 11 ,i 0 It le dife ,ri ii
it reti I i t I hI cl It I -- \k i.i i o l tI l h s I I ' riii eOti -
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tudes then the general form of the current density xaria- Let us first consider the connection between the I
nion is in agreement with a number of experiments. The weak links calculated in this paper and flux pinning A
variation of J. with temperature shown in figure 7 was number of authors have pointed out that there is no
similar over many orders of absolute magnitude in J.. sharp dividing line between Abrikosov vortices in bulk
The striking feature of the curve is the way J. behaves materials and Josephson vortices in boundaries [5. 6].
rather linearly but extrapolates to zero at about half T. Identical phenomena in the two systems have been
instead of to T. itself as tends to happen with flux described in quite different ways because artificial I
pinning models. The connection of this with new% con- Josephson junctions have ;er,, low current densities and
cepts introduced to explain the magnetic properties of J, drops rapidly at fields comparable to H, in type II
high-T, superconductors is discussed below. superconductors. The result is that completel. separate

The variation of J. with grain boundary angle regimes of field and current are involved. However. in
shows a drop of a factor of ten for an 8 grain bound- high-T. materials we appear to have a range of barriers
ary. This is in qualitative agreement with the experi- which var, in their properties from something close to a
mental results of Dimos er ai [3]. However. to obtain typical tunnel barrier to something with a current I
this result a number of approximations were made densitv of 10 A cm - in a field of 5 T. We therefore
which are likely to underestimate the critical current expect to have to use models based on Josephson junc-
densitv and the results were still two orders uf mai- tions. such as the spin-glass model [_]. up to fields not I
tude greater than observed. In fact these experimental previoust, associated with Josephson junctions. By the
results contain features that will be difficult to explain same token, models based on flux pinning should work
on any model. We expect the grain boundary to affect down to ver,, low• fields provided we us,: parameters
the critical current when its current densit, drops below, appropriate to the junctions rather than the bulk
that determined by pinning centres. This would lead to material It is therefore not surprising that no experi-
an initial range of gram boundary angles that had no ment has distinguished betwkeen the spin-glass model
effect on J, since the bulk pinning limit was reached and the flux pinning model. The, are alternative formu- I
first within the grains. but this was not observed. -\lso lations of the same phenomena.
pinning current densities ,ithin grains should be rode- What the experiments do seem to show is a much
pendent of grain boundary current densities but a close more rapid decrease in J. ,ith field and temperature
correlation was observed. It is clear that more experi- than is observed in conventional superconductors. This
ments are required to clarif, the situation. is seen in a number ol experiments such a, the sudden

The approximation used does not allow for any appearance of magnetic reversibility at a certain field or
variation of J, with magnetic field since the junctions temperature. It is no, fari,, clear that the reversibility
were assumed to be narrow. However, the critical and large Meissner effect in high-T superconductors is
current of a type II superconductor can be related to due to the small ,ize of the current-carrvinv regions
the zero-field depairing curreni. multiplied by one factor rather than low pinning, and any increase in re erst- I
to take account of the reduction in mean order param- bility might be due to a change in the size of the current
eter and another to allow for less than ideal pinning paths rather than a change in pinning force. However.
Since the critical current of a broad tunnel junction w ,ill the variation of depairing current with temperature in
depend on the pinning of Josephson vortices we expect tigure 7 does show a ver,, rapid decrease in J. at about
the same to apply and the critical current in a field wkill half T. . which is consistent with a "reversibilitN line' ].
he closely related to the depairing current in zero field. As Malozemoff has pointed out [4]. this re,ersibility

line varies with frequency and sensitiv ,, so it is far
from a well defined quantr. but it is worth considerine

5. Relevance to alternative models two other explanations that have been proposed for it.

It has been suggested that 'flux lattice melting' is an I
The experimental results on high- T superconductors explanation [8] This supposes that the shear modulus
ha,.e led to a number of uuestions tor new models to of the vortex lattice is small. leading to an amorphous
describe their beha%. our This ma, he partl due to the lattice. Such lattices ha'.e been observed in con'entional
fact that . large number of experiments have been Inade superconductors at low fields However. all theories of

is a function oI ternpert tire. wkhile most experiment,, , fluIx pinning predict I large increase in I ai t.ittice

-mn %cntinal t', pc II -uperconductors have been done at rigidit' decreases and there is a good deal of experinmen-

constant tcmperature This has obscured the consider- tal e' idence to show that this is the case [L;] o flux
ahlc simila rties hetw eeo theim. An,her corplication is lattice melting does not seem a %ver\ likel, e\planation
that in man. and posib[, all. r-egines e',en single cr'.s- of reverslbility.

!a,1 )1 hih- V uperconductor, display two sets of .\ more plausible explanation of rccrsibilit is, rapid I
pr, pert ics. ()nc is -,isoc atcd %ith boundaries, the other flux creep. The potential pinninc flux I nes. . I much
'. ith the idcal cr'.tllite i.c. h has its owkn tf . I . .1 greater than kr in conventional materials but the iall
and I , It is rare tr a wide rain.c 4 experiment, to coherence length and higher temperature raises the

'e donc on the ,ame sample )4, that no consistent possibility that L is of the ,amie Older as k F in hieh- I'
pictire has emerged. A recent re'.cw h.'% Malo,'cmoff material,. File result Of tJs 'AoUIld be Iu tio0 pro-
[-t J Iho, these inon,,tcncics .ca rI' portional to the dri'ing torcc ,o that lie material,''.uld 3 -.



(uritical currents of barriots in igh r, suportconiluctor',

hchasc iS as linear resistor \ti effect of tis kind is seeni at a clifielit tfiISis )I , \ cm11 -'. hlich suL'ee:StS fiar

IIin e hc roadeninell of (thc [esisti~c transitton itxhcii a ra pid tinx creep is iSSOciatej witll %r tttt fllpet fcct
iia dnitc field IS IppheCIL a11d 111th IS has I bencxplainied hw boundaries If' the current denlsits of thle houftdar is
lItikhanil [ I101 Witht A Calculation of the elieres .kehl in rai sed t0 uIse*ul aIlues thle f1Lux creep) should ceaSe to heI perfect sintgle cr S tals. A problemn.

Both these miodels imlpl\ t hat above thle reversibilit v
line the critical current ts, zero in the sanie wvay that the 6. Conclusions

I hear Strength of' a hILqild is zro. The miost Sensitive
%xar, ofl detectit true rex ersihilitv is the susceptibilit.y With sulitable 1valLies of thle ( iiiuhurg lan1daul paramII-
transition tn a magnietic field. A reversible i'v pe 11I super- eters thle critical current detisit teS of' several tr pcs ofI conductor is, sliehtlv, paramneltic between zero and b oundary can be predicted. Yo explain file %alues
stt that no diamnagnetic transition is observed, although0 obsers ed., ver\ large changes in the parameters fromn
his has only been seen in) %e ry reversible material of their normial-stlate values are needed. N\It hough this is,
%k l k value [IlIl. NAnv diamnavrntic transition is due to no'mosbeincenmtrasitsget ht comn-

pinning effects. The miidpoint IS where the pinning pei- positional variations mla play a major role itt loxx ring
ci ration depth is, of the same order as the particle Size So .1 ,The sariationt of J, wAith temperature mia be sit-I thai in hivh-T 7'Superconductors it hears little relation to cienit to explainile 'reversihilit, line'
If. 1 I2]. It will depend on _,rain size, pinning strength
An d frequeeI bhec.aII Ose iI he viscous dragl Ott I x line
mlovemlent). The theoretical paramagnetic susceptibilit% Acknowledgments
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Abstract
The critical current density in sintered YBCO was found to
vary by up to a factor of three in sintered material as the
angle between the sample and the applied field was varied.
Currents were always perpendicular to the field and the
effect is attributed to the demagnetising effect of the
sample. By defining H as the external field in equilibrium
with a flux density B we can use classical electromagnetism I
to calculate the demagnetising effect. When J, is plotted as a
function of H or B in the material, rather than the external
field, the anisotropy disappears.

Introduction
Polycrystalline sintered samples of the superconductor

YBCO exhibit two current paths. The grains have very high
critical current densities, of the order 10' A/cm 2 at 77K in I
zero field. They are connected by weak links at grain
boundaries in which the critical current density is only of
the order 103A/cm 2 in the best polycrystalline ceramic
samples. The intergrain critical current density is
extremely sensitive to applied field and the sample retains i
a large diamagnetism even after the critical state of the
weak links has fully penetrated the sample. This leads to a
significant effective permeability and the effects on the real
and imaginary parts of the AC susceptibility have been
considered in some detail by Muller (1). The flux profile in
a sample subjected to a small AC field at low superimposed
DC fields has been modelled by Gomory (2). In this paper
we show that in rectangular samples the demagnetising
factor can lead to a significant difference between the
internal and the applied field. This means that critical
current densities are not a unique function of the applied i
field, but by scaling the field with the demagnetising factor
J, becomes a unique function of local fields, provided these
are averaged over regions large compared with the grain
size.

Experimental I
Samples of YBCO prepared by the powder route were

pressed and sintered into solid pellets. From these bars
were cut, one 10 x 8 x 2 mm, the second 18 x 7 x 0.7 rm.
All measurements were carried out in liquid nitrogen.

Jr in the samples was measured inductively. A
sinusoidal field was applied with a drive coil and a search
coil round the sample measured the response. A balance 3
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coil was used to cancel the signal at low amplitudes in the
superconducting state and the signal measured with a lock-
in amplifier as the drive amplitude was increased from zero.
The signal produced in the search coil of the same phase as
that in the normal state measures the flux crossing the
boundary of the sample in each cycle (3). The advantage of
this treatment over measurements of the real and
imaginary parts of the susceptibility is that the curves are

* more directly related to the penetration of flux into the
sample so that it is not so necessary to postulate formulae
and fit parameters. Since the intergrain currents are
orders of magnitude smaller than the intragrain currents
the signal from the search coil plotted against drive
amplitude shows a clear discontinuity in gradient. TheIIdiscontinuity corresponds to the point at which the flux has
penetrated all the weak links to the centre of the sample,
and is now beginning to penetrate the grains themselves.
The value of the drive field at this point is the field across
the sample, and J, can be calculated by dividing this field by

the radius of the sample. The precision of this method is
greatly enhanced by differentiating the signal with respect
to the drive amplitude and plotting this against drive
amplitude (Kupfer,4). A typical plot is shown in figure 1.
The change in the slope is easily seen, and this is the point
at which intergrain currents have penetrated to the centre
of the sample. From this plot we obtain the average critical
current of a sample, including self field effects. Self field
effects appear as a curvature at the start of the trace and
are dealt with in a subsequent paper. They were only
present in large samples. The ratio of the gradient in the
signal beyond the discontinuity to that when the sample is
normal gives the effective volume fraction of normal
material, and is used to calculate the effective permeability.

A DC magnetic field up to 12 mT could be applied using a
solenoid which enclosed the sample and the AC coils. The
sample remained in the same orientation with respect to the
AC coils but its orientation with respect to the DC field could
be altered at will. Two orientations were chosen. In one
the largest dimension of the sample was arranged parallel
to the applied DC field, in the other the smallest dimension3 was arranged parallel to the applied field. The coil
arrangements are shown in figure 2. With this geometry
most of the current flows perpendicular to the field and
across the broad face of the sample. It is this critical
current which is measured in both orientations by the AC3 susceptibility technique.

- iii
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Results
The measurements of JC with respect to applied field in

the two orientations are shown in figure 3. As can be seen
the fall in Jc is much more rapid in the sample when placed
with the smallest dimension parallel to the applied field
and the maximum difference in JC is a factor of five. This
can be related qualitatively to the demagnetising factors of
the two shapes, and the volume into which the flux is able I
to penetrate. It is known that the flux penetrates between
the grains, and we call this effective volume of "normal"
material Vf This is illustrated in figure 4. The effective
volume of "normal" material was generally found to be
around 0.4 of the total sample volume. Although this seems
large, it includes the pores in the sample which become
accessible to the field once the intergrain currents are
broken down in addition to a depth approximately equal to i
the penetration depth X round each grain.

Theory U
The qualitative origin of this effect can be seen from the

simple model microstructure illustrated in figure 4. which
consists of cubes of superconductor separated by grain
boundaries. In a long rod parallel to the field the field
within the boundaries is equal to the external field while l
the average flux density is reduced in proportion to the
volume fraction of the grains. If on the other hand the
sample is a slab perpendicular to the field all the flux which
passed through the area must now be concentrated in the
weak links. The average field B is the external B and the
field in the weak link is increased in proportion to the
volume fraction of superconductor. This simple model
appears to make the quantitative results dependent on the I
detailed shape of the microstructure. However we show
below that the situation is an excellent example of the
universality of Maxwell's equations provided we define the
fields H and B as averages over appropriate volumes of the
material. In this case the appropriate volume is several 3
times the grain size.

Following the treatment of Landau and Lifshitz (5) the 3
flux density B is the average over many grains of the field
on an atomic scale. The definitions of H and M, which are
clear in ferromagnetic materials (Brown, 6), are not so
obvious in superconductors, where individual localised
magnetic dipoles cannot be identified. Josephson (7) used 3

iv



I the derivative of the free energy with respect to B, while
Evetts and Campbell (8) used the external field in
equilibrium with B. The first two definitions lead quickly to
the third which is directly related to simple experimental
measurements of permeability. The fields so defined obey3 Maxwell's equations. They can be averaged over any region
small compared with the sample size and we shall average
over several grains. The relation between B and H follows3 directly from the flux density in a long cylinder parallel to
the field, provided there is no significant penetration of the
grains. It will be linear and B = t.i 0oH, where t is the
permeability measured directly, but approximately equal to
the volume fraction of normal material between grains, ie B
= Vf4.LOH. The usual relations between fields then hold, ie B

= 40 H + 0N and H = H o - nM where Ho is the applied field.
The result is illustrated in the critical state of a long rod
parallel to the field in figure 5. The critical transport
current is dH/dx and the flux density gradient dB/dx. If we3 plot J- as a function of applied field we get J(H). (In the case
of the simple microstructure in figure 4 H is the field
between the grains). If we put a slab perpendicular to the
field we can find H in the material using the effective
permeability and the demagnetising factor. By scaling the

* applied field by the appropriate factor we should be able to
bring the two JC curves into coincidence.

3 It is immaterial whether we plot JJH) or J,(B) provided we
are aware which it is we have measured. It should also be
noted that the term 'internal field' is a vague one and has
been used to mean both H and B by different authors. It is
not necessary for the field between the grains to be uniform

* for the treatment to be quantitatively exact.

Using the three relationships between NI, H and B above,3 and eliminating M we get

1 -n( I -Vf)

3 where HO is the external applied field, and n is the

demagnetising factor of the sample shape.

Iv
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The demagnetising factor varies between zero and 1, i
and therefore for a typical value of Vf = 0.4 H may vary
between Ho and 2.5H 0 . Since JC is so sensitive to field it is
not surprising that that this leads to large changes in the
critical curent. The demagnetising factors for a general
ellipsoid have been calculated, and curves compiled for 3
differing ratios of the semi-axes (9). Calculation of
demagnetising factors for shapes other than ellipsoids of
revolution is rather difficult, so in this experiment the bars I
were approximated to ellipsoids. The first had
demagnetising factors 0.1 and 0.68 in the two orientations
and the second 0 and 1. The two values of H were then
calculated from equation I and found to be 1.06Ho and
1.69Ho for the first, and Ho and 2.5Ho for the second. If the i
demagnetising effect due to the shape and orientation of the
sample is responsible for the differing response to the
applied field, the curves should coincide if the field scale in I
the perpendicular orientation is scaled by 1.69/1.06 in the
first sample, and 2.5 in the second. The effect of scaling is
shown in figure 6. The curves now coincide, within
experimental error. I

Conclusions i
Geometry of the sample must be taken into account

when measuring the effect of applied field in Jc in granular
materials. The fall in Jc measured experimentally was
shown to be strongly dependent on orientation, and could
be explained using the demagnetising factors in the two 3
orientations chosen. The results confirm the general theory
of electromagnetic fields in materials which allow Maxwell's
equations to be averaged over an arbitrary volume of an inI
inhomogeneous material.
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List of captions I
I. Signal differentiated with respect to drive amplitude
plotted against drive amplitude.

2. Orientation of sample with respect to the field and
measuring coils in the two cases.

3. Critical current densities of the two samples as a function

of field in the two orientations.

4. A simple superconducting composite model. I
5. The distribution of H and B with depth for a constant 3
critical current density plotted as a function of field, with
the field scaled according to the demagnetising factor.

6. The critical current density for the two orientations as a
function of H. For one orientation H is the applied field, for
the other the applied field is scaled according to equation 1. I
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